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Abstract 

We consider a full-duplex (FD) cellular network, where uplink (UL) and 
downlink (DL) transmissions are performed at the same time over the same 
frequency band by using the non-orthogonal multiple-access (NOMA) 
technique. By leveraging the zero-forcing (ZF) beamforming at the FD multi-
antenna base station, self-interference is mitigated, and the instantaneous 
sum rate of the system is maximized.  More specifically, we propose two ZF-
based beamforming designs at the base station, namely receive ZF (RZF) and 
transmit ZF (TZF) scheme, which respectively utilize the receive and transmit 
antennas at the BS to cancel out the SI at the BS. We derive closed-form 
expression for the outage probability of the NOMA near and far users as a 
function of different system parameters. Finally, we examine the accuracy 
of the results by using extensive simulation results. Our numerical results 
show that for both TZF and RZF scheme, increasing the number of transmit 
and receive antenna is beneficial to improve the outage performance of the 
DL near user, while increasing the number of transmit and receive antenna 
significantly improve the outage performance of the DL far user with RZF 
scheme. 
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Highlights 

• Integrating non-orthogonal multiple–access (NOMA) and full-duplex (FD) communication into cellular systems 

• Enhancing the spectral efficiency of the cellular systems 

• Applying zero-forcing based beamforming at the FD base station and deriving the outage probability performance 
of NOMA uplink and downlink users 
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1.  Introduction 

The ever-increasing number of mobile users along with the escalating demands for the ubiquitous coverage in the 

future wireless networks, has led to emerging new technologies to enhance the spectral efficiency. Among them, 

full-duplex (FD) communications and non-orthogonal multiple access (NOMA) are primary ones to fulfill the 

requirement and goals setup of the future beyond fifth generation (B5G) wireless networks [1]-[4].  Individually, 

each technology has its own unique points and characteristics. More importantly, these two technologies 

complement each other when integrated together and can achieve higher performance gains compared to their 

individual performances.  FD communications, which relies on simultaneous transmitting and reception over the 

same frequency band, can potentially double the spectral efficiency of traditional half-duplex (HD) systems [4]. 

However, the main challenge hindering the implementation of practical FD radios is the self-interference (SI), 

caused by signal leakage from transceiver output to its input. Thanks to recent advances in antenna and transceiver 

design [5], the FD radios are becoming feasible reality and thus are widely deploying in different wireless 

networks such as cellular networks [6], cooperative networks [7], and cognitive radio networks [8]. On the parallel 

avenue, NOMA also offers superior spectral efficiency over traditional orthogonal multiple access (OMA) 

techniques [9].  NOMA performs non-orthogonal resource allocation among multiple users at the expense of 

increased signal processing and receiver complexity [9]. NOMA is broadly classified into power-domain NOMA 

and code-domain NOMA.  More specifically, in power-domain NOMA, which is the focus of this paper, users are 

multiplexed in the power domain by assigning distinct power levels to different users. Users with less power 

allocated will use the successive interference cancellation (SIC) to decode their own messages by first removing 

the other user’s information from their received signal. On the other hand, users with more power allocated decode 

their own messages by treating the other users’ information as noise.  

Recently, the coexistence of NOMA and FD to efficiently improve the spectral efficiency of wireless networks 

has been analytically and numerically studied in [10]-[11]. The authors of [12] show that the FD cooperative 

NOMA system can improve the ergodic sum-rate in comparison to HD cooperative NOMA system at low-to-

moderate signal-to-noise ratio (SNR) region. In [13], the authors studied the performance of a FD cooperative 

network, where a transmitter communicates with two NOMA users via one node selected from a set of FD relays. 

The authors of [14] proposed joint optimum beamforming design and power allocation problem to maximize the 

achievable rate of FD relay assisted cognitive radio NOMA systems. In order to sufficiently utilize both idle and 

underutilized spectrum resources, an FD cooperative NOMA scheme based on spectrum sensing for an UL 

relaying system has been proposed in [15], where a primary user uploads messages to the base station (BS) with 

the assistance of a secondary user. In [16], the authors investigated the problem of joint user association and power 

allocation to maximize the overall system’s spectral efficiency, subject to user-specific quality-of-service (QoS) 

and total transmit power constraints. In [17], a joint subcarrier and power allocation algorithm was proposed to 

maximize the weighted sum throughput of multiuser FD NOMA systems. The work in [18] has considered DL 

NOMA transmission between an access point and two groups of NOMA users, where far users are aided by FD 

multi-antenna relays.  The feasibility of FD-NOMA in single-antenna cellular networks, where UL and DL 

NOMA transmissions are carried out at the same time has been studied in [21]. In our recent work [22], we 

extended the work in [23] to the FD-NOMA cellular networks with multi-antenna BS and studied the achievable 

rates and performance gains achieved by deploying multi-antenna at the BS. However, the proposed beamforming 

design in [bb] entails high computational complexity at the FD BS. In order to provide a trade-off between the 

complexity and performance, in this paper, we investigate the performance of the multi-antenna FD-NOMA 

cellular networks with zero-forcing (ZF)-based beamforming designs at the BS. More specifically, we consider 

an FD NOMA-based cellular system, where a multi-antenna FD BS simultaneously communicates with multiple 

HD UL and DL users. The multiple antenna at the BS allows to investigate the NOMA performance with different 

beamforming designs and achieve spatial domain SI suppression at the FD BS. We assume that during each time 

slot, the BS communicates with two UL users and two DL users over the same frequency band using NOMA. 

Two ZF-based beamforming schemes, namely receive ZF (RZF)  and transmit ZF (TZF) scheme,  are proposed 

to completely cancel the SI at the BS and enhancing the outage performance of the NOMA users. More 

specifically, RZF (TZF) scheme utilize the receive (transmit) antennas at the BS to cancel out the SI at the BS. 

Then, we derive closed-form expressions for the outage probability of the NOMA near and far users as a function 

of the different system parameters. Our findings show that by using RZF beamforming scheme the outage 

performance of the far DL user can be significantly improved.  
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Figure 1. NOMA system model with FD BS 

2. System Model 

We consider a single-cell cellular system, consisting of a single multi-antenna BS, DL NOMA users and UL 

NOMA users. All users are in a circular area with radius R and the BS is located at the cell center. All users are 

equipped with single antenna and operate in HD mode, while the FD BS is equipped with 𝑀 antennas of 

which  𝑁𝑟𝑥   antennas are dedicated to serve UL users and 𝑁𝑡𝑥 antennas are used to serve DL users. We assume 

that the coverage area of the BS is divided into three sectors. Moreover, each sector is split into two zones, inner 

and outer zones, as illustrated in Fig. 1. To apply the NOMA concept, one UL (DL) user from the inner zone and 

another UL (DL) user from the outer zone are selected. As a distance-based channel model is adopted in this 

paper, the inner zone 𝑆1(of radius 𝑅1) is introduced to model the minimum propagation path loss in the empirical 

path loss model, while the outer radius 𝑆2(of radius 𝑅2) denotes the cell size [18], [19], [20], as illustrated in Fig. 

1.  In particular, one DL user within 𝑆1 and another DL user within 𝑆2 of the same sector, with the shortest and 

farthest distance from BS are respectively selected. From the remaining two sectors, two UL users, one user within 

𝑆1and one user within 𝑆2, with nearest and furthest distance to the BS are respectively scheduled. To avoid/reduce 

the interference from the UL interferer to the DL user, we introduce the strong interference region which is 

centered at the DL user with radius 𝑅𝑖. The UL user located within the region is deemed as strong interferer while 

the UL user located outside the region is deemed as weak interferer. Therefore, UL users (with nearest and furthest 

distance to the BS) are selected among those UL users located outside the interference region of the selected DL 

users. Therefore, one pair of NOMA UL user and one pair of NOMA DL users are formed, and data from users 

in the UL channel, and data to the users in the DL channel are transmitted and received at the same time on the 

same frequency. The sets of UL and DL users are denoted by 𝐾𝑢𝑙 = {𝑈𝑖}𝑖=1:𝑘𝑢𝑙
 and  𝐾𝑑𝑙 = {𝐷𝑖}𝑖=1:𝑘𝑑𝑙

, 

respectively, where |𝑘𝑢𝑙| = 𝑘𝑢𝑙 and |𝑘𝑑𝑙| = 𝑘𝑑𝑙.  
 

 

2-1    Transmission Protocol and Signaling 

We assume that data transmission is performed on a slot-by slot basis, where all time slots have equal length. For 

a given time slot, the BS serves a pair of DL users, 𝐷1 (termed as NOMA near DL user) and 𝐷2 (termed as NOMA 

far DL user), by applying the NOMA concept. At the same time, the BS applies NOMA concept and receives the 

information sent by a pair of selected UL users, 𝑈1 (termed as NOMA near UL user) and 𝑈2 (termed as NOMA 

far UL user). Therefore, the DL reception at the users are subjected to interference from the simultaneous 

transmissions of the UL user, while the UL reception at the FD BS is impaired by the SI. According to the NOMA 

concept, the BS transmits the superimposed signal intended for the NOMA DL users as 

 

                           (1)      1 ,1 2 ,2b dl b dls n P a x n P a x n= +                                                                                   
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where 𝑃𝑏 is the BS transmit power, 𝑥𝑑𝑙,𝑘, 𝑘 ∈ {1,2} is the signal intended for 𝐷𝑘, 𝑎𝑖 denotes the NOMA power 

allocation coefficient, such that 𝑎1 + 𝑎2 = 1 and  𝑎1 < 𝑎2 [2]. Since UL and DL transmissions take place in the 

same time-frequency resource, the UL signals interfere with the receive signal at the DL users. Hence, the received 

signal at the 𝑘 − 𝑡ℎ  DL user can be expressed as 

 

       
2

,   ,1k dl k t j jk ul j kj
y n s n P h x n n n

=
= + +h w       

                                                                                                                                                                                                                                            

                          (2) 

where 𝒉𝑑𝑙,𝑘 ∈ 𝐶1×𝑁𝑡𝑥  denotes the channel vector between the BS and DL user 𝑘 and its entries are identically 

independent distributed (i.i.d) 𝐶𝑁(0, 𝛽𝑑𝑙,𝑘), 𝒘𝑡 ∈ 𝐶(𝑁𝑡𝑥×1) is the precoding vector at the BS, and  𝑛𝑘[𝑛] denotes 

the Additive White Gaussian noise (AWGN) at the receiver of  DL user 𝑘. In (2), the second term presents the 

UL-to-DL CCI, where  𝒉𝑗𝑘  denotes the channel between  𝑗 − 𝑡ℎ UL user and 𝑘 − 𝑡ℎ  DL user, 𝑃𝑗 and 𝑥𝑢𝑙,𝑗 [𝑛 ]  

are the transmit power and transmit signal from the 𝑗 − 𝑡ℎ  UL user, respectively. 𝐷1 performs the SIC to cancel 

the signal intended for 𝐷2 . Therefore, according to the SIC concept, 𝐷1 detects the signal intended for 𝐷2  and 

subtract the relevant component from the received signal. Accordingly, the achievable rate of 𝐷1 to detect 

𝐷2  signal, i.e., 𝑅2→1
𝑑𝑙 , and the achievable rate of 𝐷2 , i.e., 𝑅2

𝑑𝑙,  can be expressed as 

 
2

2 ,1

2 1 2 2

1 ,1 ,1

log 1   
b dl tdl

b dl t dl n

p a
R

p a I 
→

 
 = +
 + + 

h w

h w
                                                                                              (3) 

2

2 ,2

2 2 2

1 ,2 ,2

log 1
b dl tdl

b dl t dl n

p a
R

p a I 

 
 = +
 + + 

h w

h w
                                                                                  

 

                          (4) 

 

 

where 𝐼𝑑𝑙,1 = ∑ 𝜌𝑗|ℎ𝑗1|
22

𝑗=1  and  𝐼𝑑𝑙,2 = ∑ 𝜌𝑗|ℎ𝑗2|
22

𝑗=1 are the UL-to-DL CCI at  𝐷1 and  𝐷2  respectively. To 

ensure the SIC decoding 𝑅2→1
𝑑𝑙 > 𝛾2 must be satisfied [22], where 𝛾2 denotes targeted data rate for 𝐷2 . 

Accordingly, 𝐷1performs SIC and cancels the CCI from 𝐷2 . Hence, the achievable rate of the DL near user can 

be expressed as 

 
2

1 ,1

1 2

,1

log 1
b dl tdl

dl n

p a
R

I 

 
 = +

+ 
 

h w
 

 

                           (5) 

 

 2-2 Uplink Transmission 

In the UL, the BS receives signals from the pair of UL NOMA users. Specifically, the received signal from 

scheduled UL users at the BS can be written as 

 

       
2

k r j ul, j ul, j r SI t r Bj 1
r n ρ x n s n τ n  

=
= + − +w h w H w w n                                                          (6) 

 

where 𝑤𝑟 ∈ 𝐶1×𝑁𝑟𝑥   denotes the receive combining vector at the BS, 𝒉𝑢𝑙,𝑗 ∈ 𝐶𝑁𝑟𝑥×1 is the channel between the 

𝑗 − 𝑡ℎ UL user and BS, which its entries are i.i.d, 𝐶𝑁(0, 𝛽𝑢𝑙,𝑘), 𝜏 is the processing delay due to the FD operation 

at the BS [12], and 𝒏𝑩 is the AWGN vector at the BS. We model the 𝑁𝑟𝑥 × 𝑁𝑡𝑥  SI channel with Rayleigh flat 

fading which is a well-accepted model in the literature [4]-[5]. In this model, the strong line-of-sight component 

of the SI channel is cancelled and removed during the SI cancellation process employed at the BS. Therefore, the 

residual interference is mainly affected by the Rayleigh fading component of the loopback channel and its strength 

is proportional to the level of suppression achieved by the adopted specific cancellation method. Since each 

implementation of a particular analog/digital SI cancellation scheme can be characterized by a specific residual 

power, the elements of  𝑯𝑆𝐼 can be modeled as i.i.d. 𝐶𝑁 (0, 𝛿𝑆𝐼
2 ) RVs.  

The BS employs SIC receiver to separate the received overlapped signals form the UL users. Consider a general 

M-user UL NOMA system, where 𝑀 UL users simultaneously transmit to a common BS over the same frequency 
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band. The superimposed signal of 𝑀 users is received at the BS. Since the received signal from the UL user with 

strongest channel is likely the strongest at the BS, the BS decodes this signal first. In this way, this user experiences 

interference from all other UL users. Then, the BS subtracts this signal from the received superimposed signal 

and then the signal for the second highest channel gain user is decoded and so on. Therefore, the user with best 

channel condition experiences interference from all users and the user with worst channel condition enjoys 

interference-free transmission [24]-[25]. That is, before BS detects the 𝑘 − 𝑡ℎ  UL user’s signal, it decodes the 

prior  𝑖 − 𝑡ℎ UL user’s signal first, then removes the signal from its observation, in a sequential way. Accordingly, 

the achievable rate of the 𝑘 − 𝑡ℎ UL user is given by 

 

2

.

22 2 2

.1

log 1  ,  1,2ul k r ul k

k

j r ul j b r SI t nj k

p
R k

p p 
= +

 
 = + =
 + +
 

w h

w h w H w
                                                       (7) 

 

3. Beamforming Design 

The achievable UL and DL rates in (4), (5), and (7) depend on the receive and transmit beamforming vectors at 

the BS.  These two beamforming vectors can be jointly designed at the BS to provide the UL and DL system 

requirements. In our recent work [12], we proposed a joint beamforming design at the BS to maximize the system 

DL sum-rate, under QoS constraints for the UL users. In this section, we first present the results for joint 

beamforming design from [13]. To provide a trade-off between the complexity and performance, we then propose 

ZF-based beamforming designs to cancel the SI at the BS, while improving the achievable DL/UL rates. For all 

beamforming design, similar to [10], we assume that the perfect knowledge of the channel side information (CSI) 

for every channel is known at the BS.  However, such an assumption is optimistic because of the presence of 

channel estimation errors, time-variations of the channel and outdated CSI values [26]. Therefore, it will be 

interesting to investigate the implication of channel estimation errors on the system performance. However, it is 

still interesting to design the transmit and receive beamforming vectors assuming perfect CSI since it will present 

the highest possible theoretical upper bound. 

 

3-1    Optimum Beamforming Design 

DL beamformer 𝒘𝒕 and UL beamformer  𝒘𝒓 can be jointly designed to maximize the system DL sum-rate, under 

QoS constraints for the UL users. It is worth mentioning that, unlike conventional HD cellular NOMA systems 

for which the DL beamforming as well as the UL beamforming problem can be separately solved, the DL and UL 

transmission strategies must be jointly optimized in the FD cellular systems due to the coexistence of UL and DL 

communications and new interference sources in the FD cellular networks. Therefore, the optimization problem 

can be formulated as follows: 

 

  
r t

2 2

b 1 dl,1 t b 2 dl,2 t

1 22 2
dl,1 n b 1 dl,2 t dl,2 n

P a P a
:      max log 1 log 1

I σ p a I σ

   
   + + +

+   + +   
w w

h w h w

h w
P                                      (7a) 

 
2
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12 2 2
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P
.t                      log 1  γ
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w h
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2

2 ,2

22 2
log 1

r ul

b r SI t n

P

P




 
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w h

w H w
                  

     

2

b 2 dl,1 t

22 2

b 1 dl,1 t dl,1 n

P a
log 1 γ

P a I σ
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where the constraint (7c), guarantees the feasibility of SIC at  𝐷1. The optimization problem (7) is a complicated 

non-convex problem and difficult to solve. The key observation is that, when the UL beamformer 𝒘𝑟 is fixed, 

problem (7) can be recast as a convex problem. Therefore, utilizing the alternative optimization (AO) algorithm 

[12], which is used for multivariate optimization in an alternating manner, Problem (𝑷𝟏) can be solved. More 

specifically, we first optimize 𝒘𝑡 given 𝒘𝑟, and then optimize 𝒘𝑟 given 𝒘𝑡, which is performed alternatively in 

an iterative manner to obtain the target values of 𝒘𝑡 and 𝒘𝑟 [12]. In other words, to implement the AO process, 

we update the transmit beamformer after each update of receive beamformer. If this iterative process converges, 

it converges to a fixed point, which is also a stationary point of the objective function [25].  The AO algorithm to 

jointly optimize the transmit and receive beamformers at the BS is presented in Table. I from [12], where 

𝑨1 = 𝑰𝑁𝑡𝑥 +
𝑃𝑏𝑎1

𝐼𝑑𝑙.1+𝜎𝑛
2 𝑯𝑑𝑙.1, 𝑩1 = (𝐼𝑑𝑙.1 + 𝜎𝑛

2)𝑰𝑁𝑡𝑥 + 𝑃𝑏𝑯𝑑𝑙.2, 𝑩2 = (𝐼𝑑𝑙.1 + 𝜎𝑛
2)𝑰𝑁𝑡𝑥 + 𝑃𝑏𝑎1𝑯𝑑𝑙.2 , 𝑪1 = (𝐼𝑑𝑙.1 +

𝜎𝑛
2)𝑰𝑁𝑡𝑥 + 𝑃𝑏𝑎1𝑯𝑑𝑙.1,   𝑫𝟏 = 𝑯𝑆1

+ 𝑾𝑟𝑯𝑆𝐼, with  𝑾𝑟 = 𝒘𝑟
+𝒘𝑟,  𝑯𝑑𝑙.1 = 𝒉𝑑𝑙

+ 𝒉𝑑𝑙.1    , 𝑯𝑑𝑙.2 = 𝒉𝑑𝑙.2
+ 𝒉𝑑𝑙.2. 

two optimization problem (𝑷2)  and (𝑷3) are solved. by defining the slack variable  𝑡1 =
𝒘𝒕

+𝑩𝟏𝒘𝒕

𝒘𝒕
+𝑩𝟐𝒘𝒕

≥ 0,  the 

optimization problem 𝑷𝟐  to find the optimum transmit (𝒘𝑡) is given as [20] 

 

 

( )
1

2 1 1
, 0

: max       .
t

t
t

tr t
W

P       AW                                                                                                                              (8a) 
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2
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b

v
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P a

  
−   
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H C W                                                                                                                         (8c) 

 

Moreover, at each iteration of Algorithm 1 

Algorithm 1. AO algorithm based on SDR to find  𝒘𝒕 and 𝒘𝑟for Problem 𝑷𝟏 [20] 

Step 1:      1:  Initialize 𝒘𝑟 as 𝒘𝑟
0 , and 𝑡1 = 𝜆𝑚𝑖𝑛(𝑩2

−1𝑩1) 

     2: Initialize the iteration number n = 1 

        2: Set 𝐺0 = 0. Given maximum tolerance error 𝜀1 

Step 2: 

Given 𝒘𝑟 as 𝒘𝑟
𝑛−1, solve Problem 𝑷𝟐 to obtain optimal solution 𝒘𝑡

∗. 

Update 𝒘𝑡
𝑛 = 𝒘𝑡

∗. 

Given 𝒘𝑡 as 𝒘𝑡
𝑛, solve Problem 𝑷𝟑 to obtain optimal solution 𝒘𝒓

∗. 

Update 𝒘𝑟
𝑛 = 𝒘𝑟

∗ . 

Gn = tr(𝑨1𝒘𝑡
𝑛) 

until |𝐺𝑛 − 𝐺𝑛−1 |⩽ε1  

Step 2: Take 𝒘𝑡 and  𝒘𝑟. 

 

( )
2 2 2

21 .1 2 .22
1 .2

1 2

.r ul r ul n
t r ul

b b b b

P PP
tr min

P v P P v P

 
 − − 

 
 

w h w h
DW w h                                                       (8d) 

( ) 1ttr =W                                                                                                                                                      (8e) 

10  .  0t t W                                                                                                                                               (8f) 
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The optimal solution to the problem 𝑷𝟐 can be found by one dimensional search over  𝑡1 where in each iteration 

an SDP is solved. Therefore, we need to find the upper and lower bounds of slack variable 𝑡1. Since 𝑡1 has the 

Rayleigh quotient form, the upper and lower bound on 𝑡1 are given by 

( ) ( )1 1

2 1 1 2 1min maxt − − B B B B                                                                                                                     (9) 

The optimization problem 𝑷𝟑  to find the optimum receive (𝒘𝑟) beamforming vector is given by [22] 

3 :                 rFindP W                                                                                                                                           (10a) 

( )

( )
.1 1

1 1

.          ul r

r

tr v
S t

tr P


H W

E W
                                                                                                                              (10b) 

( )

( )
.2 2

2 2

ul r

r

tr v

tr P


H W

E W
                                                                                                                                           (10c) 

0r W                                                                                                                                                              (10d) 

The complexity of solving the SDR Problem 𝑷𝟐 is O(𝑁𝑡𝑥
4.5) [28]. Moreover, since one-dimensional optimization 

along  𝑡1 is required, Problem 𝑷𝟐 needs to be solved 𝑇1 times, where 𝑇1 is the number of quantization point on 𝑡1. 

Therefore, the total running time is O(𝑇1𝑁𝑡𝑥
4.5). Moreover, the running time of the SDR Problem 𝑷𝟑 is O(𝑁𝑟𝑥

4.5). 

Therefore, the computation complexity of the proposed Algorithm 1 is 𝑂(𝑇1𝑁𝑡𝑥
4.5 + 𝑁𝑟𝑥

4.5).  

 

3-2   ZF Beamforming 

The proposed optimum beamforming design entails high computational complexity, especially when the number 

of transmit and receive antennas are large.  Therefore, in this subsection we propose two sub-optimal beamforming 

designs relying on the ZF principle [27].  By deploying ZF-based beamforming schemes, FD BS takes advantage 

of multiple receive/transmit antennas to completely cancel the SI, while the computational complexity of the 

system is significantly decreased. 

 

3-2-1    TZF Scheme 

     With TZF beamforming scheme, the BS take advantage of multiple transmit antenna to completely cancel the 

SI. Therefore, to implement the TZF scheme the number of transmit antennas at BS must be greater than one, i.e., 

𝑁𝑡𝑥 > 1. We apply MRC at the receive side of the BS, i.e., 𝒘𝑟
𝑀𝑅𝐶 =

𝒉𝑢𝑙,1

‖𝒉𝑢𝑙,1‖
, to maximize the UL achievable rate 

at the BS. Accordingly, the optimum transmit beamforming vector 𝒘𝒕  is obtained by solving the following 

optimization problem 
2

,1
1

max

.       0
t

dl t

r SI ts t
=

=
w

h w

w H w
                                                                                                                                           (11) 

Therefore, for given  𝒘𝑟
𝑀𝑅𝐶, the optimum transmit beamforming vector cancel the SI at the BS.  By using similar 

steps as in [7], the optional transmit beamforming vector is obtained as 

,1

.1

 ZF dl

t

dl

+

+
=

Bh
w

Bh
                                                                                                                                                     (12) 

  

where 𝑩 = 𝑰𝑁𝑡𝑥
−

𝑯𝑆𝐼
+ 𝒉𝑢𝑙.𝒉𝑢𝑙.1

+ 𝑯𝑆𝐼

‖𝒉𝑢𝑙.𝑘
+ 𝑯𝑆𝐼‖

2  . To this end, by substituting 𝒘𝑡
𝑍𝐹 and 𝒘𝑟

𝑀𝑅𝐶 into (1) and (2), the achievable UL 

rate of the NOMA near and far user can be expressed as 
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2

1 .1 1 1
1 2 22 22

2 22 .2

log 1 log 1
MRC

ul r ul

MRC
nr ul n

P p y

p yp 

   
 = + = + 
  ++   

w h
R

w h
                                                            (13)                                                                    

2

2 .2 2 2
2 2 22 2

log 1 log 1

MRC

r ulul

n n

p p y

 

   
 = + = + 
    

w h
R                                                                                  (14) 

 
respectively, where   𝑦1 = ‖𝒘𝑟

𝑀𝑅𝐶𝒉𝑢𝑙.1‖2 is a Chi-squared RV with 2 𝑁𝑡𝑥  degrees-of-freedom which is denoted 

by 𝑦1~𝑥2𝑁𝑡𝑥
2  . Moreover,  𝑦2 = |𝒘𝑟

𝑀𝑅𝐶𝒉𝑢𝑙.2|2, which is an exponential RV [7], denoted by 𝑦2 ∼ 𝑒𝑥𝑝(𝜆𝑢𝑙,2). 

 

 

3-2-2     RZF Scheme 

As an alternative beamforming solution, the transmit beamforming vector is designed according to MRT principle, 

i.e., 𝒘𝑡
𝑀𝑅𝑇 =

𝒉𝑑𝑙,1
†

‖𝒉𝑑𝑙,1‖
. Moreover, the receive beamforming vector  𝒘𝑟 is designed to cancel the SI, i.e., 𝒘𝑟𝑯𝑆𝐼𝒘𝑡 =

0, to make this possible, the number of receive antennas at BS must be greater than one, i.e., 𝑁𝑟𝑥 > 1. In other 

words, the optimal receive beamforming vector is the solution of the following optimization problem:  
2

.1
1

max

.     0
r

r ul

r SI ts t
=

=
w

w h

w H w
                                                                                                                                              (15) 

Using similar steps as in [7] the optimal 𝒘𝑟can be obtained as 

,1

.1

ZF ul

r

ul

Dh

Dh

+

+
=w                                                                                                                                                      (16) 

Where  𝑫 = 𝑰𝑁𝑟𝑥
− 

𝑯𝑆𝐼𝒉𝑑𝑙,1
†

𝒉𝑑𝑙,1𝑯𝑆𝐼

|𝑯𝑆𝐼𝒉𝑑𝑙,1
†

|
. Now, substituting  𝒘𝑟

𝑍𝐹 and 𝒘𝑡
𝑀𝑅𝑇 into (1) and (2) we have 

2

1 .1 1 1
1 2 22 22

2 22 .2

log 1 log 1

ZF

r ulul

ZF
nr ul n

p p x
R

p xp 

   
 = + = + 
  ++   

w h

w h
                                                                 (17) 

2

2 .2 2 2
2 2 22 2

log 1 log 1

ZF

r ulul

n n

p p x
R

 

   
 = + = + 
    

w h
                                                                                    (18) 

 
where 𝑥1 = |𝒘𝑟

𝑍𝐹𝒉𝑢𝑙.1|2 is a Chi-squared RV with 2𝑁𝑟𝑥 degrees-of-freedom, denoted by 𝑥1 ∼ 𝜒2𝑁𝑟𝑥
2  and 𝑥2 =

|𝒘𝑟
𝑍𝐹𝒉𝑢𝑙.2|2 is an exponential RV, denoted by 𝑥2 ∼ 𝑒𝑥𝑝(𝜆𝑢𝑙,2). 

 

4. Performance Analysis 

In this section, we characterize the outage probability performance of the system with proposed ZF-based 

beamforming designs at the FD BS.  Outage probability is a key performance metric of the wireless systems which 

is defined as the probability that the user cannot achieve the target SINR. 

 

4-1    Uplink Performance Analysis 

In this subsection, we investigate the outage performance of the NOMA uplink users. For NOMA near user, an 

outage occurs when the BS cannot detect 𝑥2 and therefore cannot cancel it. Mathematically, the outage probability 

of the NOMA near user can be written as 
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( )

( )

1

,1

,

1 1

1 Pr       

      1 Pr

ul

out U

ul i U

P E

R R

= −

= − 
                                                                                                                                    (19) 

where 𝑖 ∈ {𝑇𝑍𝐹, 𝑅𝑍𝐹} and 𝑅1
𝑈 is the rate threshold for UL transmission of the NOMA near user. Now we present 

the outage probability result for the NOMA near and far user according to fixed beamforming designs. 

Theorem 1: With TZF beamforming design, the UL outage probability of the near UL user is given by 

( )2

,22 ,2

,2 1

2 2,

,1

2

11
exp 1

1

ul nul

ul n

ul TZF

out

E
p p

P
p

 


 



 + 
+        = −                                                                           (20) 

where, 𝜑 =
𝛾1

𝑈

𝑝1
 and 𝛾1

𝑈 = 2𝑅1
𝑈

− 1 and 𝐸1(. ) denotes the the exponential-integral function of the first order [28], 

Eq. (8.211.1)]. 

Proof: To derive the outage probability of the near UL user, by substituting (13) into (19), we have 

 

. 1 1
,1 2 12

2 2

1 1
12

2 2

2

1 2 2

1 log 1

         1

         ( ( ))

ul TZF U

out r

n

U

r

n

r n

p y
P P R

p y

p y
P y

p y

P y p y





 

  
= − +   

+  

 
= −  

+ 

=  +

                                                                                           (21) 

By invoking the order statistic,  𝑃𝑜𝑢𝑡,1
𝑢𝑙,𝑇𝑍𝐹

 can be expressed as 

( )( ) ( )
1 2

,

,1 2
0

ul TZF

out y n yP F p y f y dy 


= +                                                                                                   (22) 

By substituting  𝐹𝑦1
(𝑦) =

𝑦

𝑦+1
  into (22), and noticing that 𝑦2 is an exponential RV, we have 

( )
( )

( )
2

2,

,1 ,220
2

exp
1

nul TZF

out ul

n

p y
P y dy

p y

 


 

 +
= −

+ +
                                                                                          (23) 

To this end, by using the integral identity [26, Eq. (3.353.5)], after some manipulations, the desired result (20) is 

obtained. We now provide outage probability for far user and for ZF-based beamforming designs. 

Theorem 2: The UL outage probability of a far UL user based on TZF scheme is given as  

( )( )

( )2

,22 ,2

,2 1

2 2,

,2 ,2

2

11
exp

1 exp 1

ul nul

ul n

ul TZF

out ul

E
p p

P
p

 
 

 
 



  + 
 +         = − − − 
 
 
 

                                  (24) 

where 𝜉 =
𝛾2

𝑈

𝜎𝑛
2   and  𝛾𝑖

𝑈 = 2𝑅𝑖
𝑈

− 1. 

Proof: At the far user, an outage happens if one of the following events be accomplished: 1) 𝐸𝑈
1: when FD BS 

cannot decode 𝑥2, 2) 𝐸𝑈
2: when FD BS 𝑥1 cannot discover and therefore cannot cancel it. Due to independent 𝐸𝑈

1   

and  𝐸𝑈
2, we have 
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( )

( ) ( )

1 2

,2

1 2

1 Pr

       1 Pr Pr

ul

out U U

U U

P E E

E E

= − 

= −
                                                                                                                             (25) 

where 𝑖 ∈ {𝑇𝑍𝐹, 𝑅𝑍𝐹}.  

By substituting (13) and (17) into (24), the outage probability of the far user based on TZF scheme can be 

calculated as 

( )( ) ( )

. 1 1 2 2
.2 2 22 2

2 2

2

1 2 2 2

1

          

ul TZF U U

out r r

n n

r n r

p y p y
P P

p y

P y p y P y

 
 

  

   
= −     

+   

=  + 

P
                                                                                 (26) 

where 𝑦1 ∼ 𝜒2𝑁
2  , 𝑦2 ∼ 𝑒𝑥𝑝(𝜆𝑢𝑙,2) .Therefore, 𝑃𝑜𝑢𝑡,2

𝑢𝑙,𝑇𝑍𝐹
 is given by 

( )( ) ( )( ) ( )

( )( )
( )
( )

( )

1 2

, 2

,2 ,2 2 2
0

2

2

,2 ,220
2

1 exp 1

         1 exp exp
1

ul TZF

out ul y n y

n

ul ul

n

P F p y f y dy

p y
y dy

p y

  

 
  

 





= − − +

+
= − − −

+ +




                                                        (27) 

To this end, by using the integral identity [26, Eq. (3.353.5)], after some manipulations, the desired result (24) is 

obtained. 

Theorem 3: The UL outage probability of a near UL user based on RZF scheme can be calculated as  

( )
( )

( )

1
2

2,

,1 ,220
2

exp
1

rxN

nul RZF

out ul

n

p x
P x dy

p x

 


 

−

  +
= − 

 + +
 

                                                                              (28)    

Proof: According to RZF beamforming scheme by using (16), (17), where 𝑥1 ∼ 𝜒2(𝑁𝑟𝑥−1)
2  and 𝑥2 ∼ 𝑒𝑥𝑝(𝜆𝑢𝑙,2). 

Moreover, 𝐹𝑥1
(𝑥) = (

1+𝑥

𝑥
)

𝑁𝑟𝑥−1

. Therefore, 𝑃𝑜𝑢𝑡,1
𝑢𝑙,𝑅𝑍𝐹

 is given by 

( )( ) ( )
1 2

,

,1 2
0

ul RZF

out x n xP F p x f x dx 


= +                                                                                                    (29) 

Then, by substituting the cdf and pdf of 𝑥1, 𝑥2, into (30), we arrive at the desired result in (29). 

Theorem 4: The UL outage probability of a far UL user based on RZF scheme is given by 

( )( ) ( )( ) ( )

( )( )
( )
( )

( )

1 2

, 2

,2 ,2 2
0

1
2

2

,2 ,220
2

1 exp

          1 exp exp
1

rx

ul RZF

out ul x n x

N

n

ul ul

n

P F p x f x dx

p x
x dx

p x

   

 
  

 



−



= − − +

 +
= − − − 

 + +
 




                                           (30) 

Proof: The proof is similar to that of the Theorem 2, and thus omitted.  

 

4-2   Downlink Performance Analysis 

In this subsection, we analyze the outage performance of NOMA downlink users. At the near user, an outage 

happens if one of the following events be accomplished: 1) 𝐸𝐷
1: when 𝐷1cannot detect 𝑥2 and therefore cannot 

cancel it, 2) 𝐸𝐷
2: when 𝐷1 can discover 𝑥2 but cannot decode 𝑥1.  
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( )

( )

1 2

,1

, ,

1 1 2 1 2

1 Pr

      1 Pr ,

out

dl D D

dl i D dl i D

P E E

R R R R→

= − 

= −  
                                                                                                         (31) 

where 𝑖 ∈ {𝑇𝑍𝐹, 𝑅𝑍𝐹}, 𝑅1
𝐷, 𝑅2

𝐷 are the rate threshold for DL transmission.  

In what follows, we analyze the outage probability for near and far DL user according to fixed beamforming 

designs. 

Theorem 5: The outage probability of near DL user with TZF scheme is given by 

( )

( )
( )

2
2

, 2

,1 20 2
exp

1

nout TZF

dl

n

z
P p pz dz

z

 

 

 +
=  −

+ +
                                                                                       (32) 

where 𝑝1 = 𝑝2 = 𝑝𝑢 and 𝜁 = 𝑚𝑎𝑥 (
𝛾1

𝐷

𝑐1
,

𝛾2
𝐷

𝑐2−𝑐1𝛾2
𝐷) with 𝑐1 = 𝑝𝑏𝑎1, 𝑐2 = 𝑝𝑏𝑎2, and 𝛾𝑖

𝐷 = 2𝑅𝑖
𝐷

− 1. 

Proof:  By substituting  𝑤𝑡
𝑍𝐹 into (3), (5) 𝑅1

𝑇𝑍𝐹 , 𝑅2→1
𝑇𝑍𝐹  can be obtained, respectively. Therefore, the outage 

probability of  𝐷1 can be calculated as 

2 2

1 ,1 2 ,1,

,1 1 222 2
,1 1 ,1 ,1

1 1 2 1
1 22 2

,1 1 1 ,1

1
1

1

1 (log 1 ,log 1

           1 Pr ,

           1 Pr

ZF ZF

b dl t b dl tout TZF D D

dl r
ZF

dl n b dl t dl n

D D

dl n dl n

D

p a p a
P P R R

I p a I

c c

I c Y I

c

 

 
 

 




   
   = − +  + 
 +   + +
   

 
= −   

+ + + 

= − 

h w h w

h w

( )

( )( )

2 1 22 2

,1 1 ,1

2

2

1 ,1

,

           Pr

D

dl n dl nD

dl n

c c
I I

I


  



  

 −
+  + 

 
 

=  +

         (33) 

where 𝜗1 = |𝒉𝑑𝑙,1𝒘𝑡
𝑍𝐹|

2
. We note that, 𝑃𝑑𝑙,1

𝑜𝑢𝑡,𝑇𝑍𝐹 = 1 when 𝛾2
𝐷 >

𝑐2

𝑐1
. On the other hand, for 0 < 𝛾2

𝐷 <
𝑐2

𝑐1
  by using 

the order static, 𝑃𝑑𝑙,1
𝑜𝑢𝑡,𝑇𝑍𝐹 is given by 

( )( ) ( )
1 ,1

,

,1 ,1
0 dl

out TZF

dl dl n IP F I f d    


= +                                                                                                (34) 

 

Moreover, the pdf of 𝐼𝑑𝑙,1 = 𝑍1 + 𝑍2, where 𝑍1 ∼ 𝑒𝑥𝑝(𝑝1𝜆ℎ11
) and 𝑍2 ∼ 𝑒𝑥𝑝(𝑝2𝜆ℎ21

). Therefore, the pdf of 

𝐼𝑑𝑙,1can be defined as 

 ( )
( )1 211 12 11 12

11 12

12 11
,1

11 12

1 2

1 2

2 1

2 2 -

1 2

        

        

h h

dl

p z p zh h

h h
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p z

h h

p p
e e p p

p pf z

p ze p p p

 



 
 

 

   

− −
− 

−= 
 = =

                                                     (35) 

Therefore, for 𝜆ℎ11
= 𝜆ℎ21

= 1  and  𝑝1 = 𝑝2 = 𝑝, thus by substituting (36) into (35), we obtained (33). 

Theorem 6: The outage probability of far DL user based on TZF scheme is given by 

  

where 𝑏1 = 𝑝𝑏𝑎1and 𝑏2 = 𝑝𝑏𝑎2.  



   12                                                                  1-18  /1401  پائیز  /چهل و پنجدهم/ شماره  دوازسال    /جنوب  مجله مهندسی مخابرات

 

( )
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2 2 2
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,2

2
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1
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tN
D

n py D

D D
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dl

D

y b
p e dy

by b b
P

b

b

 


  



−


−

  +
   

  + + −
 = 







                                       (36) 

Proof: The DL outage probability of a far user occurs when 𝐷2 cannot decode 𝑥2. Therefore, the outage probability 

of 𝐷2 is defined as  

( )

( )

, 1

,2

,

2 2

1 Pr

       Pr

out i

dl D

dl i D

P E

R R

= −

= 
                                                                                                                                    (37) 

where 𝑖 ∈ {𝑇𝑍𝐹, 𝑅𝑍𝐹}. According to (37), we need to calculate 𝐹
𝛾2

𝑑𝑙,𝑇𝑍𝐹(𝜏), which can be expressed as 
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                                                      (38) 

where 𝜗2 ∼ 𝜒2(𝑁𝑡−1)
2 , 𝐼𝑑𝑙,2 = 𝑋1 + 𝑋2 where 𝑋1 ∼ 𝑒𝑥𝑝(𝑝1𝜆ℎ21

) and 𝑋2 ∼ 𝑒𝑥𝑝(𝑝1𝜆ℎ22
). Therefore, 𝑓𝐼𝑑𝑙,2

(𝑥) is 

given in (35). Thus, 𝐹𝛾2
(𝜏) is given by  
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 = 







                                       (39) 

To this end, 𝑃𝑑𝑙,2
𝑜𝑢𝑡,𝑇𝑍𝐹

 is obtained as 𝑃𝑑𝑙,2
𝑜𝑢𝑡,𝑇𝑍𝐹 = 𝐹

𝛾2
𝑑𝑙,𝑇𝑍𝐹(𝛾2

𝐷). 

Theorem 7: The outage probability of near DL user based on RZF scheme is given by 
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2
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nout RZF

dl
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Theorem 8: The outage probability of far DL user based on TZF scheme is given by 
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                                           (41) 

Proof: The proof is similar to that of the Theorem 7, and thus omitted.       
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5.  Numerical Results 

In this section, we present numerical results to validate the accuracy and efficiency of the proposed beamforming 

designs.  Unless otherwise stated, in all simulations the value of the network parameters are set as 𝑎1 = 0.1, 𝑎2 =
0.9, 𝜆ℎ𝑑𝑙,1

= 0.75, 𝜆ℎ𝑑𝑙,2
= 0.5, 𝜆ℎ𝑢𝑙,1

= 0.75, 𝜆ℎ𝑢𝑙,2
= 0.5, and 𝜎𝑛

2 = 1.  In our simulations, we further include 

the performance of the MRC/MRT beamforming design as a baseline for comparison where 𝒘𝑡 and  𝒘𝑟 are 

matched to the links corresponding to the near DL and UL users, respectively. 

Fig. 2 shows the effect of BS transmit power,  𝑝𝑏 , on the outage probability of the near DL user with TZF and 

RZF beamforming schemes, and for different antenna configurations at the BS. In this example, in order to study 

the impact of the antenna configuration on the outage performance of the system, the total number of transmit and 

receive antennas is kept the same for different scenarios. Firstly, it can be observed that the analytical results 

match the simulation results. Moreover, for different antenna configurations at the BS, the TZF scheme 

outperforms the RZF scheme, while the gap between the RZF and TZF scheme is increased when the number of 

transmit antennas at the BS is increased.  Moreover, it can be observed that by increasing the number of 

transmitting antennas at the BS, the outage probability of the near DL user is significantly improved. In other 

words, by increasing the number of the transmit antennas at the BS, the diversity order of the system is improved. 

This is intuitive, because by increasing the number of transmit antennas at the BS, the number of degrees-of-

freedom at the BS for the ZF-based beamforming is increased and accordingly the outage performance of the 

system is improved. 

In Fig. 3 we compare the outage performance of 𝐷2 with different beamforming designs and for different antenna 

configurations at the BS. For this example, we set 𝑅1
𝐷 = 𝑅2

𝐷 = 0.5𝑏𝑝𝑠/𝐻𝑧, and 𝑝1 = 𝑝2 = 15𝑑𝐵𝑚 and the total 

number of antennas at the BS is 6. From this figure, we observe that the TZF scheme outperforms the RZF scheme 

at low transmit power regime. However, at the middle-to-high transmit power regime, TZF scheme provides much 

better outage performance at 𝐷2 . Moreover, by increasing the number of transmit and receive antennas at the BS, 

the diversity order achieved by the RZF scheme remains constant, while the diversity order of the TZF scheme is 

increased.  More specifically when the number of transmit antennas at the BS is increased, regardless the number 

of receiving antennas at the BS, the coding gain achieved by the RZF scheme is slightly improved, while the 

diversity gain of the system remains constant. Finally, by considering the results of figure 1 and 2, we observe 

that by applying the RZF scheme at the BS, while deploying the same number of antennas at the BS, the 

performance of both near and far DL users can be significantly improved comparing with the TZF scheme. 

Fig. 4 investigates the UL outage probability of the NOMA near user as a function of 𝑝1 and for two different 

values of the BS transmit power and for different antenna configurations. In Fig. 4a, by increasing the transmit 

power of the UL near user, the outage performance of 𝑈1 is improved. This improvement is more pronounced by 

increasing the number of receiving antennas at the BS and deploying the RZF scheme. From Fig 4b, we observe 

that by decreasing the transmit power of 𝑈2 and increasing the number of transmit antennas with respect to the 

number of receive antennas the outage probability of 𝑈1 is improved for both TZF and RZF schemes. Comparing 

TZF and RZF schemes for the same antenna configuration, we find that the TZF scheme delivers better outage 

probability than the RZF scheme.  
Fig. 5 shows the UL outage probability for the NOMA far user as a function of 𝑝1 and for different antenna 

configurations. In this example we set, 𝑝2 = 15𝑑𝐵𝑚 and 𝑝𝑏 = 45𝑑𝐵𝑚 and total number of antennas at the BS is 

6. From this figure, we observe that both RZF and TZF schemes provide the same diversity order, which is 

significantly improved increasing the number of transmit antenna. Moreover, we observe that RZF scheme 

outperforms the TZF scheme in terms of coding gain and the gap between the two schemes is increased when the 

number of transmit antennas is more than the receive antennas.  
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Figure 2. Outage Probability of 𝐷1 versus bp  (𝑅1 = 𝑅2 = 0.5𝑏𝑝𝑠/𝐻𝑧, 𝑝1 = 𝑝2 = 15𝑑𝐵𝑚). 

 

  
Figure 3. Outage Probability of 𝐷2 versus bp  (𝑅1

𝐷 = 𝑅2
𝐷 = 0.5𝑏𝑝𝑠/𝐻𝑧, 𝑝1 = 𝑝2 = 15𝑑𝐵). 

 

 
Figure 4a. Outage Probability of 𝑈1 versus 1p  (𝑝2 = 25𝑑𝐵𝑚, 𝑝𝑏 = 45𝑑𝐵𝑚, 𝑅1

𝑈 = 𝑅2
𝑈 = 0.5𝑏𝑝𝑠/𝐻𝑧).  
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Figure 4b. Outage Probability of 𝑈1 versus 1p  (𝑝𝑏 = 45𝑑𝐵𝑚, 𝑅1

𝑈 = 𝑅2
𝑈 = 0.5𝑏𝑝𝑠/𝐻𝑧).  

 
Figure 5. Outage Probability of  𝑈2 versus 𝑝1 (𝑝2 = 15𝑑𝐵𝑚, 𝑝𝑏 = 45𝑑𝐵𝑚). 

 

 

6. Conclusion  

We investigated the outage performance of a FD-enable cellular system with NOMA, where a pair of UL and DL 

users simultaneously communicate with the multi-antenna FD BS. We applied the ZF-based beamforming design 

at the BS to mitigate the SI, while MRT and MRC designs applied to the BS to improve the received SINR at the 

DL users and BS, respectively. Closed-form results have been derived for the outage probability of the UL and 

DL NOMA users. Our results provide a framework to study the impact of different system parameters, including 

the antenna configuration at the BS and the power transmit level at the BS and users, on the performance of the 

system. 
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